The complexity of the reticulo-endothelial (RE) functions is reflected in the great difficulties of developing adequate functional tests. Phagocytosis, by definition the characteristic function of the RE system, has served as a basis for most of the functional tests reported.2 When radioactive colloids were first employed by one of us,' this technique was felt to be a very useful tool for studying RE activity. In the course of such studies, however, it was soon discovered that phagocytosis is a very complex phenomenon comprising several independent variables.'°Therefore, further refinement of the technique was needed. At present our routine RE functional tests comprise:
a. The determination of the phagocytic activity of the total RE system by measuring the rate of disappearance from the circulation of intravenously injected colloidal radioactive chromium phosphate (CrP3204). The decrease of the radioactivity in the blood is an exponential function; so a reproducible value for comparison can be obtained by calculating the intravascular "biological half-life" (i.e., the time during which half of the radioactivity is removed from the circulation). This biological half-life value reflects the over-all phagocytic activity of the RE system. b. The determiiination of the site of uptake of the test colloid. Following intravenous administration of CrP3204 the distribution of radioactivity among the different organs (liver, spleen, kidney, etc.) is very constant in healthy animals.6 Any distortion of the organ distribution pattern is a sensitive indication of altered RE function. It has been observed that although the rate of phagocytosis (i.e., "biological half-life") remained within normal limits in certain experiments, the site of uptake was largely altered. For instance, following whole body x-irradiation' or trypan blue pretreatment8 the compensation of the RE injury is so rapid that the biological halflife remains unchanged or even shorter. Determination of the organ distribution of CrP3204 reveals, however, extensive RE changes caused by these agents.
c. The phagocytic capacity of the RE system can be titrated by injecting increasing amounts of Thorotrast (collodial thorium oxide) and then measuring the degree of the subsequent blockade' by determining the "biological half-life" of the CrP3204. Thus, in case of true hyperphagocytosis' a larger dose of Thorotrast is needed to achieve the same degree of blockade as in control animals. In this way small increases or reductions in the phagocytic capacity which are not revealed by testing the phagocytic ability ("biological half-life") can be demonstrated.
The above described triple functional test still left many questions about the complexities of the RE phagocytosis unanswered. Studies on the histological localization of the CrP3204, using radioautography, provided further information and proved to be a valuable adjunct to the other CrP3204 tests. The intent of this paper is to describe the technical procedure and outline our interpretation of the hepatic radioautogram following intravenous injection of CrP3204. Some examples will also be given to illustrate how radioautography may help to interpret the results obtained with the other CrP3204 tests.
METHOD
Colloidal CrP"04 suspensions were prepared in the same way as reported before. 10 The anhydrous CrP'O4 was dispersed mechanically in five per cent glucose (concerning particle size, cf. Fig. 1 Radioautographic studies on RES I GABRIELI, GOULIAN, CUTLER rapidly on exposure to light. The low affinity of the gelatine for this dye, on the other hand, makes it superior to other stains.) In some instances unstained specimens were studied with the aid of phase contrast microscopy with equally satisfactory results. The photomicrograms obtained in this way were perfectly comparable with those from stained sections using regular microscope.
Gross radioautograms were carried out in the following way: dental x-ray film was placed over the deparafinized section and another glass slide was put on top of the film. The two glass plates were gently compressed with a clamp to secure close contact between the tissue and the film and to avoid sidewise dislocation during the exposure. After the exposure the film was processed in the usual manner for x-ray film.
In all experiments a group of control animals of the same age and sex was added. The histological procedure, exposure time, developing, etc. were kept as identical as possible in the control and experimental groups.
RESULTS
In healthy mice, rats, and rabbits injected with CrP3204 a very regular pattern was obtained on the hepatic radioautogram (Fig. 2) . The black spots indicate the location of the Kupffer cells containing one or more radioactive particles. The exposed areas are located peripherally along the interstitial septum between the lobuli. (In mice a slight accumulation of exposed spots was observed around the portal veins, see Fig. 3 .)
The characteristic peripheral lobular localization of the phagocytized CrP3204 particles is plausible considering the liver circulation and the typical histological position of the Kupffer cells as related to the lobular structure of the liver. Figure 4 is a schematic picture of the liver circulation based mainly on the investigation of Elias."' The careful histological studies of Pfuhl, 19 recently confirmed by the excellent work of Toro,' describe three types of Kupffer cells, which are different in histological appearance and lobular localization. One of them, the characteristic stellate cells (Sternzelle), with elongated cytoplasm straddles the bifurcation of the communicating portal veins (see "C" on Fig. 4) . Situated between the two branches at their origin, these cells are optimally exposed to the circulating blood. Pfuhl describes these Kupffer cells as being in a "catching position." Colloidal matter entering the liver circulation first encounters these RE elements around the edge of the lobuli. Obviously this zone of Kupffer cells contains the radioactive particles in our radioautograms.
The other two kinds of Kupffer cells occur along the walls of the sinusoids and at the central vein and are also morphologically different. Pfuhl describes them as being in a "digesting position."
In advanced infectious conditions the hepatic radioautogram showed a markedly distorted pattern. Figure 5 is from a rabbit liver exhibiting several large and many small abscesses (coccidiosis). The efficient peripheral lobular clearing of the CrP3204 particles, resulting in a circular distribution pattern in healthy animals, is largely changed due to the infection, and the radioactive particles are almost randomly distributed. It appeared that the distortion of the circular pattern somewhat paralleled the severity of the infection.
Radioautographic studies were very helpful in demonstrating the effect of x-irradiation on the RE system. Young, adult, male mice (C57 Strong)
were exposed to 100-500 r A whole body x-irradiation. One mice irradiated with the lower doses used, the peripheral removal of the radioactive particles became less efficient (Fig. 6 ). Many particles have escaped this peripheral filtering zone and can be seen in the sinusoids closer to the central vein. Following 500 r the CrP3204 particles were scattered in the lobulus without any sign of preferential peripheral localization (Fig. 7) .
Attempts to quantitate the radioautographic technique. Odeblad"7 developed a densitometric technique for quantitative gross radioautography. Figures 8 and 9 demonstrate the use of this technique. Rats were injected intravenously with 50 mg. of colloidal iron per kg. body weight. One day later a group of controls was added and the animals were injected with CrP3204. The hepatic localization of the radioactivity was studied with gross radioautography. Figure 8 is the radioautogram and corresponding densitogram from a control animal. The densitometric scanning was carried out with the photometric device of Odeblad. Briefly, the radioautogram was mounted on a rotating Fig. 3 ) .   FIG. 7 . Hepatic radioautogram of a mouse injected with CrP'04 one day after 500 r whole body x-irradiation. Note random distribution of radioactivity within the lobulus (cf. Fig. 3 ) and apparent decrease in number and increase in size of exposed spots. (The same CrP3204 preparation was used in Figs. 3, 6 , and 7.) mounted; at the level of the image plane of the microscope a diaphragm was built with apertures of different sizes. In our experiments the magnification of the microscope was 1: 10 and the aperture 2.0 mm. Therefore, a circular area on the radioautogram with a diameter of 200 p could be studied. Above the microscope a phototube was mounted which was connected through a modulator and amplifier to a cathode ray oscillograph. Figure 8 shows the results obtained with this technique. The densitogram shows valleys and peaks. The former represents the black spots on the radioautogram, the latter the unexposed areas ("infields" of the lobuli).
The distance between two valleys equals the diameter of the lobuli.
Following the pretreatment with colloidal iron, the radioautogram becomes diffuse (Fig. 9 ) and the circular pattern is scarcely detectable. The densitogram indicates the lack of peripheral lobular distribution by the absence of waves at regular distances obtained in the "control" radioautogram.
The preferential localization of radioactivity in the hepatic radioautogram from healthy animals offers an- other possibility for semi-quantitating radioautograms. By estimating the average distance of the phagocytized radioactive sources from the central vein of the corresponding lobulus an indication can be obtained concerning the efficiency of the peripheral zone of Kupffer cells. A large number of photomicrograms were taken using adequate magnification so that the field covered a slightly larger area than the lobulus. Only lobuli with the axis perpendicular to the plane of the section were selected. In enlarged prints the distance between each spot (i.e., a Kupffer cell containing one or several CrP32O4 particles) and the center of the lobulus was measured. Figure 10 demonstrates some of the results obtained. In this experiment C57 Black mice were exposed to whole body x-irradiation. The dose used was between 100 and 500 r. Next day a group of untreated animals of the same litter was added and all mice were injected intravenously with the same CrP3204 preparation. What is so apparent by mere inspection (Figs. 6-7) can be verified by this method of evaluation. X-irradiation reduced the "average distance" considerably and the shape of the frequency distribution curve became distorted also. While in the controls a normal distribution curve was obtained, in animals irradiated with 500 r the distribution curve became askew (obviously the left side of the distribution curve cut off by the presence of the central vein).
Another way of comparing the different radioautograms is to count the number of exposed black spots over each lobulus and compare the number of v. Kupffer cells containing radioactive particles in control and experimental animals. We have found that whole body x-irradiation not only interfered with the localization but also reduced the number of v. Kupffer cells containing radioactive particles. Following 100 r whole body xirradiation this reduction amounted to 24 per cent, and 500 r diminished this number to 43 per cent in C57 Black mice when tested 12 hours after the irradiation.
DISCUSSION
The main observation described in this paper is the characteristic radioautographic pattern in the liver, obtained consistently after intravenous administration of our CrP3204 preparations. Although similar trends in the localization of phagocytized colloidal matter have been noted by others, the reproducibility of this phenomenon and its distortion under experimental conditions has not been emphasized. The radioautograms presented by Vekerdi et al.' resemble very much the pattern we obtained in our studies. Pfleger and Frimmer'8 observed that following the intravenous injection of colloidal polyphosphate localization decreased towards the central vein. The amount of colloidal matter injected was, however, much higher (7 mg.) than in our studies. Probably the Kupffer cells of the peripheral zone became saturated. Therefore some of the material was taken up deeper in the sinusoids.
The densitometric technique of Odeblad seems to add little to the evaluation of the radioautogram. Further refinement would be needed to increase the resolving power of this technique. The other two methods tried, i.e., the "average distance" of the radioactive particles from the center of the lobulus and the "average number" of Kupffer cells containing CrP3204 per lobulus gave us better quantitative data for comparing the findings in various experimental conditions. This way of quantitating radioautograms contains a number of sources of error. Some of these are: the CrP3204 preparation contains a broad spectrum of particle sizes, ranging from around 0.01 micron to several micra (Fig. 1) . The size of the CrP3204 particle, and consequently their P32 content, exhibits a great variability. Therefore the size and the degree of the black spots varies considerably. Bearing this in mind we overexposed our radioautograms deliberately in order to get intensive blackening over even small individually phagocytized particles. (Often in case of RE impairment, e.g. following irradiation without overexposure, one would overlook those small particles which are often deeper in the infield of the lobulus.) In such overexposed radioautograms the radiation originating from several different, but proximate Kupffer cells may produce large confluent "sunbursts." This will give false values when counting the number of spots per lobulus. This error could be overcome by reducing the exposure time. In this case one might look for an aggregation of exposed silver granules as the beginning of an exposed "spot," thus increasing the resolving power of technique. We preferred the overexposed radioautograms because these gave a better overall picture under low magnification, which seemed to be desirable for evaluating the preferential localization of the phagocytized particles as related to the lobular structure.
The method, of course, comprises all the errors of a histological technique. (Variability of the thickness of the section, shrinkage of the tissue during processing, etc.) The distance between the particle and the film also affects sharpness of the exposed spot. Absorption and scattering increases with the distance between the radiation source and the film. The backscattering from the glass slide also contributes to the errors. The importance of these factors became very apparent when attempts were made to stain the section prior to the radioautographic procedure. The mounted and stained sections were coated with a thin layer (less than 1 micron) of lacquer and then covered with the stripping film. When these results were compared with those without the lacquer coating, it was obvious that the radioautograms were misleadingly distorted due to the presence of the lacquer. The small individually engulfed particles did not cause an intensive enough exposure of the film, and the over-all picture showed only a few big lakes of sunbursts.
Whereas the quantitative aspects of the radioautographic technique still could be improved, the method seems to provide us with valuable information, especially in certain experimental conditions when the other CrP3204 methods fail to register unequivocally the changes in RE functions, as was the case following pyrogen injection of rabbitsu or whole body x-irradiation.9
Beyond the use of radioautography as a further adjunct to the CrP3204 technique, an important conclusion can be drawn from the above reported result with regard to the functional inhomogeneity of the RE elements in the liver. Following intravenous administration, about 70-85 per cent of the CrP3204 (depending on the particle size6) will be phagocytized by the liver. Consequently, the rate of disappearance of the radioactivity from the blood (i.e., intravascular half-life) will be mainly determined by (a) the liver circulation, and (b) the efficiency of the peripheral lobular zone of the Kupffer cells. Using other colloids for testing, which will be phagocytized with evenly good chances by all the Kupffer cells of the liver, different results might be obtained. The colloids used apparently by Frimmer, Vekerdi, and by us are mainly concerned with the peripheral zone of the Kupffer cells, while others using certain preparations of radiogold, India ink, etc., might test the entire phagocytic system of the liver. Therefore it is necessary to qualify an RE functional test by checking with radioautography or regular histology the hepatic localization of the injected colloid. Histological studies appear to be of great importance in order to clarify contradictory results, because other experiments of this laboratory strongly suggest a functional difference among the various RE elements of the liver, e.g. in immune response. The peripheral zone of Kupffer cells is apparently very radioresponsive, cortisone sensitive, and certainly involved in immune response. Further careful studies are needed to clarify the role on the "infield" RE elements in these processes.
SUMMARY
A detailed description of the radioautographic technique used has been given. Following intravenous injection of colloidal chromium phosphate containing P32 the radioactive particles were demonstrable only in the peripheral zone of Kupffer cells along the interlobular septum in liver. Examples were given where this characteristic distribution of the phagocytized material was altered, such as infection and whole body x-irradiation. Some methods for semi-quantitating the radioautographic findings are described. The usefulness of the technique has been discussed and the anatomical and probably functional inhomogeneity of the reticulo-endothelial elements in the liver pointed out. 70 
